Abstract. Staphylococcal enterotoxin B (SEB) administration during adulthood can cause the anergy or deletion of variable portion of the β chain (Vβ)-expressing T cells. However, the effect of maternal SEB administration during pregnancy on the thymocytes of neonatal rats remains to be elucidated. In the present study, pregnant rats at gestational day 16 were intravenously injected with 15 µg SEB. The present study revealed that prenatal exposure of SEB significantly increased the proportion of cluster of differentiation (CD)4-single positive (SP) T cells and decreased the proportions of CD8-SP, CD4 + Vβ8.2 + and CD8 + Vβ8.2 + T cells in the thymus of neonatal rats between day 0 and 5 after delivery. In an in vitro cultured thymus, SEB restimulation significantly increased the proportion of double positive cells and decreased the proportions of CD4-SP, CD8-SP, CD4 + Vβ8.2 + and CD8 + Vβ8.2 + T cells. Furthermore, the decreased Vβ8.2 + T-cells in neonatal rats exposed prenatally to SEB were further deleted by SEB restimulation in an in vitro cultured thymus. These data suggested the special response pattern of the remaining SEB-specific T cells to SEB restimulation in neonatal rats exposed prenatally to SEB.
Introduction
The thymus is a primary lymphoid organ and is important in inducing and supporting the proliferation and differentiation of early thymocyte progenitors into T cells (1, 2) . Thymocyte differentiation initiates with migration of common lymphoid progenitor cells from hematopoietic stem cells in fetal liver or adult bone marrow into the thymus, where they undergo cellular maturation and T-cell receptor (TCR)-based selection. The thymic microenvironment (a complex mixture of epithelial cells, interdigitating dendritic cells, macrophages and fibroblastoid cells) (3, 4) , pre-TCR (5,6) and signaling pathway molecules, including bone morphogenetic protein and Notch (7, 8) , are important in thymocyte differentiation and development. Distinct developmental compartments in the thymus have been defined according to the expression of the cluster of differentiation (CD)4 and CD8 co-receptors on differentiating thymocytes. The earliest compartment consists of CD4 -CD8 -double negative (DN) thymocytes that trasnform into CD4 + CD8 + double positive (DP) intermediates, which give rise to a mature CD4 + CD8 -(CD4) or CD4 -CD8 + (CD8) single positive (SP) mature progeny (9) .
Staphylococcal enterotoxin B (SEB) is not only a toxic substance but also an important superantigen (SAg), which has been extensively investigated in five groups (A through E) of staphylococcal enterotoxin (10) . SEB as a SAg can cross-link major histocompatibility complex class II molecules with a variable portion of the β chain (Vβ) of the TCR, binding beyond the antigen-specific site, which does not require classical antigen-processing and presentation and is able to polyclonally stimulate T cells (11) . Several studies (12, 13) have demonstrated that the immune response to SAg is biphasic: an initial activation phase characterized by T-cell proliferation is followed by a period of anergy and/or tolerance owing to deletion of the appropriate Vβ-expressing T cells by apoptosis. Besides the immune response of T cells to SEB, SEB administration is able to cause thymus atrophy (14) and alter the percentages or numbers of CD4/CD8 T cells in the thymus (14) (15) (16) . Although numerous studies have investigated the effect of SEB administration during adulthood or the neonatal period on immune organs and T cells, the effect of maternal SEB administration during pregnancy on thymocytes of neonatal rats remains to be elucidated. Therefore, in the present study, pregnant rats at gestational day (GD) 16 , YONG LIU 1,3 , HUI XIA 1 and JUN-CHANG GUAN Vβ8 + T cells subpopulation were determined in the thymus of neonatal rats between day 0 and 5 after delivery. The effect of SEB on thymocyte development was also investigated using an in vitro cultured neonatal thymus organ.
Materials and methods
Animals. Three-month-old Sprague-Dawley rats were used in the present study and housed in a controlled environment of 22-25˚C and a 12-h light/dark cycle, with rodent chow and filtered tap water provided ad libitum. Each female rat was mated with a male rat and checked each morning for the presence of a vaginal plug. Day 1 of gestation (GD) was defined as the day when a plug was initially observed in the vagina. When the pregnancy was confirmed, the females were isolated from the males and kept in separate cages. Timed pregnant rats were randomly divided into the following two groups at GD 16: the control [(phosphate-buffered saline (PBS)] group and the SEB group. In the SEB group, the pregnant rats were intravenously injected once with 0.3 ml 50 µg/ml SEB (Sigma-Aldrich, St. Louis, MO, USA) in 0.2 M PBS. The pregnant rats in the PBS group were intravenously injected once with the same volume of PBS. The thymi of neonatal rats were acquired for experiments between day 0 and 5 after delivery. The present study was approved by the Animal Research Ethics Committee of Bengbu Medical College (Bengbu, Anhui, China).
Preparation of neonatal thymocyte suspensions.
Between day 0 and 5 after delivery, the thymi of neonatal rats were teased apart, minced, pressed through a 100-mm fine wire mesh screen and collected in balanced PBS solution supplemented with 2% heat-inactivated fetal bovine serum (FBS; HyClone, Logan, UT, USA). The cells were washed twice with PBS, centrifuged at 400 x g for 10 min at 4˚C, and resuspended in staining buffer (PBS containing 2% FBS and 0.02% NaN 3 ). Nucleated cells were counted in a Burker-Turk hemocytometer (Emergo, Landsmeer, Netherlands) by using a microscope (Leica DM500; Leica Microsystems, Wetzlar, Germany) and 10 6 cells were stained for flow cytometric analysis as described below.
Neonatal thymus organ culture. Neonatal thymus organ culture was processed as previously described for fetal thymus organ culture (17) . Briefly, on the day following delivery, the thymus lobes of neonatal rats were dissected, and rinsed three times in sterile HEPES-buffered RPMI-1640 (Gibco-BRL, Carlsbad, CA, USA). Thymus lobes were placed on the surface of Millipore filters (25 µm thick, 0.8-µm pore size; Millipore, San Francisco, CA, USA) supported on the top of surgical Gelfoam sponge (Jinling Pharmaceutical Co., Nanjing, China). Each Gelfoam sponge was hydrated overnight in 24-well tissue culture plates containing 2 ml RPMI-1640 (4.5 g/l D-glucose) supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin, 10 µg/ml gentamicin, 2 mM glutamine, 0.1 mM nonessential amino acids, 0.02 mM 2-mercaptoethanol, 3.4 g/l sodium bicarbonate, 1 mM sodium pyruvate and 20% heat-inactivated FBS. Thymus lobes were cultured for three days in culture plates in a humidified incubator in 5% CO 2 at 37˚C. At the beginning of the culture, neonatal thymus lobes in each group were co-cultured with 100 ng/ml SEB added to the mediums. For harvesting at the end of culture, filters were removed from the cultures and placed tissue side down in sterile 6-well tissue culture plates containing 3 ml of 0.4 mg/ml collagenase from Clostridium histolyticum Type IV (Sigma, St. Louis, MO, USA) in 0.2 M PBS with 0.2 mg/ml ethylenediaminetetraacetic acid. The tissue was digested for 30 min at 37˚C. Digestion was stopped by placing the plates on ice and by adding 0.5 ml FBS to each well. Residual thymus tissue was flushed off from the filters by gentle aspiration with a Pasteur pipette (Yangzhou Goldenwell Medical Devices Factory, Jiangsu, China). Then, the lobes and residual thymus tissue were gently dispersed into a single cell suspension, washed twice by centrifugation (400 x g for 10 min at 4˚C) in HEPES-buffered RPMI-1640 and resuspended in staining buffer. The viable cell number was determined by trypan blue dye exclusion using a hemocytometer and was always >95%.
Flow cytometric analysis. Single cell suspensions obtained as above were stained using directly conjugated monoclonal antibodies specific for CD3, CD4, CD8, TCR V8.2/8.4 (eBioscience, San Diego, CA, USA) at 4˚C for 30 min, washed and then fixed with 1% paraformaldehyde. The labeled cells were then analyzed by flow cytometry on a FACS calibur (Becton Dickinson, Heidelberg, Germany) using CellQuest analysis software (BD Biosciences, Franklin Lakes, NJ, USA). Dead cells were excluded on the basis of low forward-light scatter.
Statistical analysis. The results are expressed as the mean ± standard deviation. To assess significant differences in T cells in the thymus of neonatal rats between day 0 and 5 after delivery, Tukey's-b test in one-way analysis of variance was used. Independent t-test was used to assess the difference in T cells in the in vitro cultured thymus of neonatal rats. P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of prenatal exposure of SEB on CD4/CD8 cells in the thymus of neonatal rats. Pregnant rats at GD 16 were intravenously administered 15 µg SEB and the thymi of neonatal rats between day 0 and 5 after delivery were acquired to determine the proportion of CD4/CD8 cells. Fig. 1 shows the analysis of T cells subset in neonatal thymi by flow cytometry. Between day 0 and 5 after delivery, the proportion of thymic CD4-SP cells in the SEB group was significantly higher than that in the PBS group, while the proportion of thymic CD8-SP cells in the SEB group was significantly lower than that in the PBS group. However, no difference in the proportion of DN and DP cells between the PBS and SEB groups was identified. + T cells in the SEB group was significantly lower than that in the PBS group between day 0 and 3 after delivery, however, no difference in the two groups was observed between day 4 and 5. While the proportions of thymic CD8 + Vβ8.2 + T in the SEB group were lower than that in the PBS group between day 0 and 5 after delivery (Fig. 2) . 
Effect of SEB restimulation on CD4/CD8 cells in the in vitro cultured thymus of neonatal rats.
In order to investigate the response of neonatal thymocytes to SEB restimulation, the in vitro culture of thymus was used. The thymi of neonatal rats on the day following delivery in the PBS and SEB groups were co-cultured with 100 ng/ml SEB for three days. At the end of the culture, it was found that the proportions of CD4-SP and CD8-SP cells in the SEB group were significantly decreased compared with that in the PBS group in the in vitro co-cultured thymus with SEB for three days, however, the proportion of DP cells was significantly increased. While no difference was identified in the proportion of DN cells between the two groups (Fig. 3) . (Fig. 4) .
SEB restimulation decreases the proportion of Vβ8.2 + T cells in the in vitro cultured thymus of neonatal rats.

Discussion
In the present study, the effect of prenatal exposure of SEB on the thymocyte development of neonatal rats and the role of secondary SEB administration on the thymocytes in an in vitro cultured thymus was examined. The results from the present study demonstrated that prenatal exposure of SEB significantly increased the proportion of CD4-SP T cells, and decreased the proportions of CD8-SP, CD4 + Vβ8.2 + and CD8 + Vβ8.2 + T cells. In the in vitro cultured thymus, secondary SEB administration significantly increased the proportion of DP cells, and decreased the proportions of CD4-SP, CD8-SP, CD4 + Vβ8.2 + and CD8 + Vβ8.2 + T cells. To the best of our knowledge, this is the first study to link prenatal SEB exposure to alterations in thymocyte development in neonatal offspring rats.
The thymus is an organ vital to the proper development of T lymphocytes from early thymocyte progenitors (2, 18) to differentiation into functional competent T cells ready for emigration to the periphery. Thymocytes at different stages express distinct phenotypes. According to the cell phenotypes defined by expression of the TCR complex, CD4 and/or CD8 coreceptors, thymocytes can be divided into the following four major subsets: DN, DP, CD4-SP and CD8-SP thymocytes. The developmental sequence of thymocytes in the fetal thymus can be delineated as follows: DN→DP→TCRαβ+ CD4/CD8 SP pathway (19) . Several studies have reported the effect of SEB on the population of thymocytes at different stages in adult animals. Goettelfinger et al (16) reported that intrathymic injection of SEB to adult mice significantly induced the depletion of CD8-SP cells in the thymus. Other studies have demonstrated that SEB injected intravenously into adult mice decreased the cell number of CD4-SP (15) and DP thymocytes (14) via apoptosis. However, the effect of SEB administration during pregnancy on the thymocytes of neonatal rats remains to be elucidated. The present data demonstrated that prenatal exposure of SEB was able to induce the decrease in the percentage of CD8-SP cells accompanied by a relative increase in the percentage of CD4-SP cells, but did not alter the percentage of DN and DP cells in the thymus of neonatal rats. In order to investigate the response of neonatal thymocytes to SEB restimulation, the in vitro culture of thymus was used in neonatal rats on the day following delivery was used. The present study found that secondary SEB administration in the in vitro cultured thymus was able to significantly decrease the percentage of CD4-SP and CD8-SP cells, and significantly increase the percentage of DP cells in the SEB group compared with that in the PBS group, but had no effect on DN cells in the two groups. These data suggested that prenatal exposure of SEB was not able to alter the transition of thymocytes from DN cells to DP cells, however, significantly reduced the maturation of thymocytes from DP cells to SP cells.
In order to investigate clonal anergy/deletion, the advantage of the specificity of certain TCR Vβ domains for endogenous or exogenous SAgs has been documented (13, 20) . SEB is a SAg that stimulates T cells bearing Vβ3, 7, 8.1-3 TCR (21, 22) , particularly Vβ8 TCR in rodent animals (23) . Injection of SEB into naive mice induced specific tolerance associated with a selective deletion of peripheral Vβ8 cells by apoptosis (15, 16, 24, 25) . The SEB injection induced an initial activation and proliferation of the T cells expressing appropriate Vβ elements. This early and transient phase of activation was followed by a second phase of cell deletion resulting in a state of SEB-specific functional T cell inactivation (clonal anergy) (12, 13) , in the central and peripheral compartments. Furthermore, the remaining SEB-specific T cells became anergic and were hyporesponsive to SEB restimulation (16, 25) . The present study revealed that prenatal exposure of SEB was able to induce a decrease in Vβ8.2 + T cells in the thymus of neonatal rats, which is consistent with other results from adult mice (23, 24) . These results suggested that prenatal exposure of SEB was able to induce the deletion of Vβ8.2 + T cells in the neonatal thymus. Furthermore, the data from in vitro culture of the neonatal thymus with SEB restimulation demonstrated that the percentage of Vβ8.2 + T cells was significantly decreased in the SEB group compared with that in the PBS group. These results suggested that SEB restimulation was able to further induce the deletion of the remaining SEB-specific T cells in neonatal rats exposed prenatally to SEB, which was consistent with the results in adult animals that the remaining SEB-specific T cells are anergic to SEB restimulation (16, 25) . To the best of our knowledge, this is the first study to report the special response pattern of the remaining SEB-specific T-cells to SEB restimulation in neonatal rats exposed prenatally to SEB.
